ABSTRACT Meat duck deep litter is considered to be an ideal environment for the evolution of bacterial antibiotic resistance if it is under poor management. The aim of this study was to characterize the accumulation of antibiotics and heavy metals in the deep litter and their role in the persistence of antibiotic resistance of Escherichia coli, and evaluate the service life of the deep litter. Samples were collected from initial, middle, and final stages of deep litter within 3 barns (zero, 4, and 8 rounds of meat duck fattening, d 34) and 9 flocks, with known consumption of antibiotics in the controlled trail. The feed and litter levels of consumed antibiotics and heavy metals were measured. E. coli (n = 147) was isolated and typed by Eric-PCR and the phylogenetic grouping technique, while minimal inhibitory concentrations of antibiotics and heavy metals were measured. This study confirmed the continuous accumulation of doxycycline and many heavy metals in the deep litter. The population of resistant certain bacteria to doxycycline (16 mg/L, 100 mg/L) or ofloxacin (8 g/mL, 50 g/mL) increased in the used deep litter (rounds 4 and 8). E. coli isolated from the 3 stages of sampling were highly resistant to ampicillin, tetracycline, florfenicol, and doxycycline. Increased resistance to ceftiofur, enrofloxacin, ofloxacin, and gentamicin were seen in the isolates from the final stage of deep litter. In addition, the percentage of isolates tolerant to zinc, copper, and cadmium and the numbers of Group-B2 isolates all increased in the used deep litter, and the isolates of each stage belonged predominantly to commensal groups. The antibiotic resistance of isolates with identical Eric-PCR patterns had improved from round 4 to 8, and differences still existed in the resistance profiles of isolates with identical Eric-PCR patterns from different barns of the same round. This study concluded that deep litter could be suitable for the evolution of bacterial antibiotic-resistance under conditions of continuous usage or accumulation of antibiotics and heavy metals without proper management.
INTRODUCTION
The overuse of antibiotics in animal production has strongly contributed to the emergence of antibioticresistant pathogens under various environmental conditions, and, further, the emission of animal wastes as organic fertilizers facilitates exchange of antibiotic resistance genes between different environmental microbiota Martinez, 2008; Knapp et al., 2011; Forsberg et al., 2012) . High level of various microelements also are used extensively in Chinese poultry production for promoting growth perfor-mance, such as high levels in feed copper and zinc, or for detoxifying of cottonseed meal, such as ferrous sulfate (Kim et al., 2016; Sirri et al., 2016; Yang et al., 2016; Zhao et al., 2016) . The absorption of these microelements is quite low, and the majority of them will accumulate in animal chymes and feces. The concentration will be greatly higher than bacterial requirements for surviving and will create selective pressure on development of bacterial resistance (Faridullah et al., 2009; Zhu et al., 2013; Medardus et al., 2014) . Furthermore, more and more published papers observe the relationship between bacterial antibiotic resistance and heavy-metal resistance in different environments (Baker-Austin et al., 2006; Seiler and Berendonk, 2012) . Notably, heavy metals are not degradable and represent a long-term selective pressure on the evolution of antibiotic resistance (Campagnolo et al., 2002; Baker-Austin et al., 2006) .
997
Multidrug resistance in bacteria appears to be the primary result of mutation development and acquisition of resistance genes by horizontal transfer (Leversteinvan Hall et al., 2002; Gillings and Stokes, 2012; Lin et al., 2014) . Animal intestines, the plant-rhizosphere interaction zone in soil, and sediments in water are reported environmental "hot spots" for bacterial evolution of resistant genes and their horizontal transfer due to the presence of abundant nutrients -many surfaces to which bacteria can adhere and grow into a diverse bacterial community (Shoemaker et al., 2001; Wright et al., 2006; Molbak et al., 2007; Ding and He, 2010; Stanton, 2013) . The deep litter could be another kind of this environment, with the litter mainly consisting of sawdust, rice husk, and other crop stalks (Morrison et al., 2003; Zhou et al., 2015) . The deep litter microbiota are composed of probiotic, fecal, and environmental microorganisms. Manure excreted by animals provides abundant nutrients for bacterial growth, and continuous microbial fermentation in the deep litter can degrade manure effectively (Zhou et al., 2015) . Because of welfare-friendly and environmental sustainability concerns, the deep litter has been tried in the meat duck production of China (Morrison et al., 2003; Morrison et al., 2007; Shao et al., 2015; Zhou et al., 2015) . However, use of antibiotics in feed and heavy metals accumulated in the deep litter through manure excretion (Faridullah et al., 2009; Cressman et al., 2010; Peng et al., 2016 ) might drive selective pressure on the evolution of antimicrobial resistance within stable microflora. The fact that growers often abuse deep litter for multiple years, especially without windrowing between flocks to avoid labor costs, may accelerate the emergence of resistant bacteria (Coufal et al., 2006; Zhou et al., 2015) . The service life and biological safety of deep litter under certain management on a single farm, particularly the role in the prevalence and persistence of antibiotic resistance, are unknown.
Most Escherichia coli strains are harmless commensals that are normal inhabitants of the gastrointestinal tract of humans and animals, but some pathogenic strains are the primary causative agents of several intestinal and extraintestinal infections (Smith et al., 2007; Furtula et al., 2010; Li et al., 2015; Paixão et al., 2016) ; commensal and pathogenic E.coli strains possess a broad host range and could acquire resistance easily in their environment (Erb et al., 2007) .Thus, monitoring antibiotic resistance of E.coli could provide indicators of antibiotic selection in the meat duck deep litter. Moreover, the evolution of bacterial resistance in the complex environmental conditions under various selective pressures is difficult to correlate with certain antimicrobial compounds, and the association with heavy metal tolerance is necessary to evaluate.
The aim of this study was to characterize the accumulation of antibiotics and heavy metals in the 3 stages of meat duck deep litter collected from controlled trials, and their role in the emergence and persistence of antibiotic resistance within E. coli.
MATERIALS AND METHODS

Study Design and Sample Collection
Three barns (length: 53 m, width: 9.5 m) on one conventional meat duck farm located in Pei County, Jiangsu province, China, were selected for the study based on the farm's deep litter system. The thickness of the deep litter in each barn was approximately 40 cm, mainly consisting of sawdust (50%), rice husks (45%), and wheat bran (5%). During formation, the deep litter was inoculated with effective microorganisms (JiangXi TianYi Biology Group, Nanchang, China). The number of meat ducks (Cherry Valley ducks) in each barn ranged from 1,200 to 1,400 with the stocking rate of 2.4 to 2.8 ducks per m 2 . Components of the deep litter are consumed by microbial fermentation in order to maintain the effective fermentation of the deep litter; once the consumption nears 40%, new litter materials and beneficial microorganisms must be added. To avoid the impact of new materials, microorganisms, and other outside disruptive factors on the research results, samples were taken aseptically when the deep litter material consumption was less than 40%. Thus, 3 sampling times of production rounds zero, 4, and 8 were set, and in-house windrowing between rounds was canceled. At each sampling time, 10 deep litter samples were collected 5 cm below the deep litter surface from each barn by one person using sterile gloves and one-time equipment when meat ducks were 34 d old. The samples were kept on ice and transported to a laboratory for bacteriology analysis immediately, and the rest of the samples for chemistry analysis were stored at −20
• C. For the above 3 sampling times, there was no introduction of meat ducks in the deep litter of round zero. The study did not involve endangered or protected species, and the sampling produced no impacts on the daily breeding management and health of the Cherry Valley ducks.
Antibiotic and Heavy Metal Level Determinations
Feed and deep litter samples were dried at 65
• C to a constant weight before being sieved (0.25 mm) for analysis. Extraction and analyses of doxycycline or ofloxacin from samples were based on the methods developed by Qiao or Zhu et al., respectively (Qiao et al., 2012; Zhu et al., 2013) . First, doxycycline samples, after being extracted by McllvaineNa2EDTA, were purified using preconditioned Waters Oasis HLB (6cc/500 mg, Milford, MA). After being extracted by phosphate buffer, ofloxacin samples were purified using preconditioned Oasis Waters HLB (6cc/200 mg). The doxycycline and ofloxacin levels in the purified samples were measured using liquid chromatography MS/MS (Agilent1200 and 6410, Santa Clara, CA).
The concentrations of heavy metal in the feed and deep litter samples were measured by inductively coupled plasma emission spectroscopy (PerkinElmer Optima 2100DV, Wellesley, MA) according to the method of Zhu et al. (2013) , and quantities were determined based on the reference standards.
Antibiotic Susceptibility Testing of Bacteria Isolated from the Deep Litter
To understand the effects of doxycycline or ofloxacin, used on this farm for prevention of E. coli or Salmonella infection, on the emergence of resistant bacteria in the deep litter, each deep litter sample per barn was suspended in sterile saline containing glass beads via vortexing, and the suspension was diluted 10-fold in saline and plated on plate count agar (PCA), MacConkey (Mac), and Salmonella shigella agar (SS) containing zero mg/L, 16 mg/L, or 100 mg/L doxycycline or zero mg/L, 8 mg/L, or 50 mg/L ofloxacin. The plates were incubated at 37
• C for 24 h, and the total colony counts were recorded. The number of colony forming units per gram of deep litter (CFU/g) was determined. The ratio of resistant CFUs at a certain antibiotic level was measured as the number of CFUs on plates containing certain concentrations of antibiotic relative to the number of CFUs on plates without any antibiotic. The media in this experiment were all purchased from Beijing aoboxing Bio-tech Co., Ltd., Beijing, China.
E.coli (n = 147) were isolated from the deep litter taken from the 3 samplings. Up to 4 different colonies with typical E. coli morphology per Mac agar plate (per collective sample) were picked and then streaked on eosin-methylene blue medium (Bednorz et al., 2013; Lin et al., 2014) . All suspected isolates were identified by a panel of biochemical tests according to Smith et al. (2007) .
Minimum inhibitory concentrations (MICs) of the selected antibiotics for E. coli isolates were determined by the Mueller-Hinton (MH) broth microdilution method according to Clinical and Laboratory Standards Institute guidelines (CLSI, 2012) using E. coli ATCC 25922 as a quality control. The break points of the tested antibiotics were as follows: ampicillin
, and ofloxacin (oflo, 2 mg/L). Standard antibiotics were obtained from Sangon Biotech company (Shanghai, China), except ceftiofur (Dalian Meilun Bio-tech Co., Ltd., Dalian, China). The terminology developed by Knezevic and Petrovic (2008) was used for the division of resistance to certain antibiotics: very high rate of resistance (>75% resistant isolates), high rate (50 to 75%), moderate rate (30 to 50%), low rate (10 to 30%), and very low rate (zero to 10%).
Heavy Metal Susceptibility Testing of E. coli Isolates
The agar plate-dilution method using E. coli ATCC 25922 as a quality control according to CLSI was used to determine MICs of E. coli for copper, zinc, cadmium, and iron, as described before (Medardus et al., 2014) . The susceptibilities were determined on MH agar plates with a dilution range for copper sulfate of zero, 2, 4, 8, 12, 16, 20, 24 , and 28 mM (Jacob et al., 2010) , with the pH of the medium adjusted to 7.0. A zinc chloride solution contained the dilution range of zero, 2, 4, 6, 8, 10, 12, 14, 16 , and 18 mM with pH 5.5. The dilution range tested for cadmium chloride was zero, 0.25, 0.5, 1, 2, 4, and 6 mM with pH 7.0, and the tested range of ferrous sulfate was zero, 1, 2, 4, 8, 10, 12, and 16 mM with pH 7.0. The bacterial suspensions were adjusted to 10 7 CFU/mL (100 μl of each inoculum at a 0.5 McFarland standard suspension plus 900 μl of sterile 0.85% NaCl solution). The suspensions were inoculated with a multipoint inoculator onto MH plates. All the tested E. coli isolates and control strains were tested in triplicate. The inoculated plates were incubated at 37
• C for 16 to 18 hours. The MIC was defined as the lowest concentration that inhibits the visible growth of E. coli.
Genotyping of E. coli Isolates
One milliliter of E. coli suspension was used for DNA extraction by a bead-beating method followed by phenol-chloroform extraction according to Zoetendal et al. (1998) . The DNA solution was precipitated with ethanol, and the pellets were suspended in Tris-EDTA buffer. DNA concentration and quality were determined with a NanoDrop spectrophotometer (Nyxor Biotech, Paris, France), and samples were stored at −80
• C for further processing.
The genotypes of E. coli isolates were analyzed using enterobacterial repetitive intergenic consensus sequence PCR (ERIC-PCR) developed by Versalovic et al. (1991) , followed by selecting unrelated isolates contained in a barn (Sabate et al., 2008) . The primers ERIC1 (5 ATGTAAGCTC-CTGGGGATT CAC3 ) and ERIC2 (5 AAGTA A GTGACTGGGGTGAGCG3 ) were used. The PCR products were separated on a 1.5% agarose gel containing ethidium bromide. The digital images of the resulting gels were analyzed using the GelCompare software. Similarity relationships were calculated with the Pearson correlation coefficient, and cluster analyses were completed with the Pearson coefficient and unweighted pair group method with arithmetic averages (UPGMA) (Holzel et al., 2012 (Clermont et al., 2000; Gordon et al., 2008; Holzel et al., 2012) .
Statistical Analysis
One-way analysis of variance was used to detect differences in concentrations of antibiotics and metals or log 10 -transformed values of CFUs from different groups. A rank sum test was used to compare differences in the ratio of resistant CFUs to certain antibiotic levels among different groups. Fisher's exact test was used to determine whether E. coli isolates from one group were significantly more resistant than others (Smith et al., 2007) . The Cochran-Armitage trend test was used to determine whether the ratio of resistant isolates increased significantly in line with sampling time. The categorization of isolates into tolerance groups was based on metal MICs (zinc > 12, copper > 6, cadmium > 0.5, and iron > 10 equal to tolerance, respectively). To detect minor shifts in antibiotic susceptibility for E. coli isolates, general linear models (GLM) were used to determine differences in log 2 -transformed MICs of isolates among different groups. Statistical analyses were performed with SASS 9.0.
RESULTS
Usage and Accumulation of Antibiotics and Heavy Metals in the Deep Litter
On this meat duck farm, doxycycline, ofloxacin, and florfenicol were used as the main drugs to prevent and treat bacterial infections, except ofloxacin was not used during rounds 5 to 8 of meat duck fattening. The feed level of doxycycline was 100 mg/kg, and the accumulation in the deep litter significantly increased (P < 0.01) in line with the increased rounds of meat duck fattening. This compound was undetected in new litter and was present at 53.3 μg/kg and 63.4 μg/kg in the rounds 4 and 8 litter samples, respectively. The feed level of ofloxacin was 50 mg/kg, and it was not detected in any litter samples (Table 1) .
Element contents of arsenic, mercury, cadmium, and lead in duck feed were zero or very low (≤3.5 mg/kg), and the corresponding levels in the deep litter of different stages were also undetectable or low (data not shown). The feed levels of iron, manganese, and zinc were high, while the levels of chrome and copper were low. The levels of zinc, copper, and manganese in round 8 litter samples were significantly higher (P < 0.05) than those in new (round zero) litter, and the levels of iron and chrome in round 4 deep litter were significantly higher (P < 0.05) than in the new litter and round 8 (Figure 1 ).
Development of Antibiotic-resistance in Deep Litter Bacterial Population
The number of total bacteria recovered on the PCA plates showed a significant increase (P < 0.05) from round zero to rounds 4 and 8. There were no significant differences in the number of Mac and SS Enterobacteriaceae bacteria among the 3 rounds. The in-feed application of doxycycline caused significant growth (P < 0.05) of doxycycline-resistant bacteria in the deep litter with increased use of the litter. For the bacterial resistance to ofloxacin, the CFUs of resistant bacteria in used deep litter (rounds 4 and 8) were all increased compared to the new deep litter (round zero) (Figure 2-i) .
The ratios of resistant bacteria against 16 mg/L and 100 mg/L of doxycycline in new deep litter (round zero), not only on PCA but also on Mac and SS plates, were all less than 0.01, while the ratios of resistant CFU/g to16 mg/L doxycycline dramatically increased (P < 0.05) to 0.508, 2.261, and 1.304 from round zero to round 8, respectively, and the ratios of bacteria resistant to 100 mg/L doxycycline significantly increased (P < 0.05) to 0.096, 0.433, and 1.168 from new litter to round 8, respectively ( Figure. 2-ii) .
The ratios of resistant bacteria to 8 mg/L and 50 mg/L ofloxacin on Mac and SS plates significantly increased (P < 0.05) in the used deep litter compared to new, although the difference on PCA plates was not significant (Figure 2-iii) .
Antibiotic Susceptibility of E. coli Isolated from the Deep Litter
In total, 147 E. coli strains were isolated from the deep litter samples in this experiment, among which 18 strains were from round zero (new litter), 63 were from round 4, and 66 strains were from round 8 (used litter). The prevalence of resistance to the tested antibiotics is shown in Table 2 . For ampicillin, tetracycline, florfenicol, and doxycycline, all the isolates showed very high rates of resistance (83.3 to 100%, >75%). For ceftiofur, enrofloxacin, and ofloxacin, the resistance of isolates from round 8, measured not only as the percentage of resistant isolates but also as log 2 MIC, showed a significant increase and reached a high level to ceftiofur (44.4 to 68.2%) and very high level to enrofloxacin and ofloxacin. For gentamicin, a low rate of resistance was observed, which significantly increased in line with the increased rounds of meat duck fattening (5.6 to 27.3% for percentage of resistant E. coli, −0.11 to 2.46 for log 2 MIC).
Heavy Metals Susceptibility of E. coli Isolated from the Deep Litter
Heavy metals susceptibility patterns for E. coli isolates from deep litter are shown in Table 3 . The ranges of MIC values for zinc and copper were 4 to 16 mM/mL and 8 to 24 mM/mL, respectively, and the percentages of tolerant isolates increased visibly in the used deep litter, although the difference was not significant. The range of MIC values to cadmium was 0.25 to 2 mM/mL, and the percentages of tolerant isolates showed a trend of significant increase in used deep litter. The range of MIC values to iron was 8 to 12 mM/mL, and the percentages of tolerant isolates were all over 95%.
Phylogenetic Analysis of E. coli Isolated from the Deep Litter
The distributions of phylogenetic groups associated with susceptibility patterns to certain antibiotics for E. coli are shown in Table 4 . The percentages of group D isolates among each round were similar, but the other phylogroups showed great differences between new and used deep litter. Group B2 isolates were not present in the new deep litter (round zero) but increased to 19.0% and 7.6% of the community in rounds 4 and 8, respectively. The dominant group of E. coli in the new deep litter was Group B1 (50.0%), while group A was dominant in the used deep litter (forming 41.3% of the community in round 4 and 56.1% of round 8).
All isolates showed very high resistance to ampicillin, tetracycline, doxycycline, and iron (>75%), regardless of the phylogroup, and the new or used deep litter (Table 4). The resistance to enrofloxacin and ofloxacin of group A isolates was very high (>75%) and higher than other groups. No resistant group A isolates to gentamicin, zinc, and cadmium were observed in the new deep litter, with increase in line with rounds. In group B1, a visible increase was observed in the resistance to ceftiofur and copper. The group B2 isolates existed only in the used deep litter, and the resistance to enrofloxacin and ofloxacin showed clear increases in line with rounds.
Genotyping of E. coli Isolates
As the dendrogram (Figure 3) showed, 4 group A isolates with identical Eric profiles clustered together, among them 2 round 8 origin isolates (8-3-1 and 8-1-4) that had improved antibiotic resistance phenotypes and maintained or improved metal tolerance compared to 2 round 4 origin isolates (4-2-9 and 4-1-5). In addition, 2 isolates (4-2-14 and 4-3-3) of round 4 with identical Eric profiles showed remarkable differences in the resistance pattern, MIC values for heavy metals, and phylogroup. Meanwhile, 3 group A isolates of round 8 with identical Eric profiles (8-1-21, 8-2-14, and 8-3-17) showed differences in resistance patterns and MIC values for heavy metals.
DISCUSSION
Antibiotics and certain microelements are used extensively for disease prevention and growth promotion in the Chinese poultry industry. Except for the small amount absorbed by the animals, the majority will be excreted with the feces (Qiao et al., 2012; Peng et al., Clustering is based on Eric-PCR analysis, and Jaccard coefficients are calculated from the presence of identical and different Eric-PCR products. Each single isolate is represented by the production round number (0, 4, or 8), number of the duck house (1, 2, or 3) and isolate order (final numbers); the resistance phenotype, heavy metal resistance value, and phylogroup of E. coli isolates are given next to each isolate on the right. 2016), and the antibiotics or heavy metals will continuously accumulate in the deep litter (Furtula et al., 2010 ). In the current study, we detected the presence of doxycycline and many metal elements in feed and deep litter and showed an increase in line with the use time of the deep litter, while ofloxacin was detected only in the feed. The doxycycline concentrations detected in the present study were far lower than in the fecal samples of German large-scale pig farms (0.29 to 0.7 mg/kg) (Holzel et al., 2010a) and of Chinese Jiaxing and Putian large-scale pig farms (1350.7 μg/kg dw and 1222.7 μg/kg dw, respectively), but were close to the value in compost samples in Putian (74.4 μg/kg dw) (Zhu et al., 2013) . The effective fermentation that happened in the deep litter and the enhanced degradation of antibiotics by composting are the likely causes of this difference (Zhu et al., 2013) .
Cottonseed meal was the main protein feed source on this duck farm, which was detoxified using ferrous sulfate; thus, iron together with zinc and copper were detected at relatively high concentrations in the deep litter. What is the role of these accumulated antibiotics and metals on the prevalence of antibiotic resistance? The population of resistant E.coli and Salmonella as well as the MIC of antibiotics and metals for E. coli isolates are detected, because colibacillosis and salmonellosis are the most important bacterial diseases on the studied farms and responsible not only for economic losses in poultry production (Obeng et al., 2012; Mueller-Doblies et al., 2013; Kemmett et al., 2014; Li et al., 2015; Paixão et al., 2016) , but also for concerns about food safety.
Considering the development of resistance to doxycycline or ofloxacin in enterobacteriaceae recovered from deep litter, continuous in-feed use of doxycycline and ofloxacin, the accumulation of doxycycline in the deep litter, and a stable MDR bacterial community from different routes (e.g., feed, feces and soil) might contribute to this increase of resistant bacteria. Recent studies indicated that extremely low doses of antibiotic treatment for a long term, such as 1/1,000 of the therapeutic dose, could directly select resistant E. coli in animal GI tracts (Lin et al., 2014) . Many bacterial isolates of Proteobacteria, including Enterobacteriales (13%), from 11 diverse soils could grow on the majority of 18 antibiotics tested, and each antibiotic-consuming isolate was resistant to multiple antibiotics at clinically relevant concentrations (Dantas et al., 2008) .
In each stage of this study, the resistance rates of E. coli isolates against ampicillin, florfenicol, and doxycycline were very high, and the resistance rates to enrofloxacin and ofloxacin also reached high or very high levels. More accumulation of antibiotics or heavy metals in manure of indoor feeding modes (van Elsas and Bailey, 2002; Stepanauskas et al., 2006; Holzel et al., 2010a; Obeng et al., 2012) , suitable temperature and humidity, and a reservoir of antibiotic-resistance determinants in the deep litter under poor management (e.g., without windrowing) could contribute to the high antibiotic resistance of E. coli (van Elsas and Bailey, 2002; Cressman et al., 2010) . It was noteworthy that the resistance rate and log 2 MICs of E. coli isolates to ceftiofur or gentamicin showed a significant increase with no history of ceftiofur or gentamicin usage in this study, indicating that there might be some unknown mechanisms (such as co-selection) that require further studies.
The risk of heavy metal driven co-selection of antibiotic resistance in the environment based on concentration was revealed in previous research (Seiler and Berendonk, 2012) ; however, there has been no previous correlative research using deep litter. Although a remarkable accumulation of copper, zinc, and iron was detected in the deep litter, the changes of the tolerance rate of E. coli to these metals did not reach significant levels. A concentration of cadmium from 40 to 160 μg/kg in sediments was reported to trigger co-selection for antibiotic resistance Wright et al., 2006) . In this experiment, the concentration of cadmium in the used litter was 0.91 mg/kg, which could explain why the increased tolerance rate of E. coli isolates to cadmium was close to a significant level (P = 0.09), and might convey the risk of co-selecting antibiotic resistance.
There were obvious differences in the distribution of phylogroups for E. coli isolates among the 3 rounds in this study. The most dominant phylogroup of E. coli isolates in rounds 4 and 8 was group A, compared with B1 in round zero. The phylogroup of duck fecal origin E. coli might contribute to this difference. Groups A and B1 of E. coli have been reported to dominate in poultry manure (Sabate et al., 2008; Unno et al., 2009; Obeng et al., 2012) , and group A and NT dominated in pig manure (Holzel et al., 2010b) . Among the E. coli groups, B2 carried high virulence determinants with greater pathogenicity to humans (Erb et al., 2007) . In this study, group B2 isolates were not found in round zero, but their presence significantly increased in rounds 4 and 8, which indicated that the increased number of group B2 E. coli might be a potential risk to the environment and humans.
Two isolates in group A increased the antibiotic phenotypes from round 4 to 8 without any difference in the Eric PCR pattern, indicating the homotypical improvement of antibiotic resistance in line with the use of deep litter. Previous studies had reported that even E. coli strains with the same Eric-PCR pattern, from different regions or various types of samples, would have different resistance gene profiles due to different environmental selective pressure (Bednorz et al., 2013) . Therefore, differences in the physicochemical characteristics of deep litter among duck barns could explain differences between the isolates with the same Eric-PCR pattern. However, the higher selective pressure of round 8, such as accumulation of diverse antimicrobial compounds, could narrow the differences in antibiotic resistance between the same patterns of strains from different duck barns on a single farm.
In conclusion, it is necessary to take the appropriate measures to deal with antibiotic-resistant bacteria whenever the deep litter is continued to rear ducks or reused as fertilizer after production round 4 of meat duck fattening. The long-term use of antibiotics in feed and the accumulation of antibiotics and heavy metals in the deep litter may partly explain the high resistance rates. There might be a correlation between heavy metal tolerance and antibiotic resistance in E. coli isolates. Further studies need to be conducted to explore the mechanisms involved.
